Cell-cell interactions and cell rearrangements play important roles during development. Aggregates of Hydra cells reorganize into the two epithelial layers and subsequently form a normal animal. Examination of the formation of the two layers under various situations, indicates that the motility of endodermal epithelial cells, but not the differential adhesive forces of the two types of epithelial cells, plays the critical role in setting up the two epithelial layers. (1) When aggregates of ectodermal cells and of endodermal cells were placed in direct contact, the endodermal cells migrated into the interior of the ectodermal aggregate. This process was completely inhibited by cytochalasin B although initial firm attachment between the two aggregates was not blocked. (2) A single endodermal epithelial cell placed in contact with an ectodermal aggregate, actively extended pseudopod-like structures and migrated toward the center of the ectodermal aggregate. In contrast, an ectodermal epithelial cell remained in contact with an endodermal aggregate and never exhibited migratory behavior. Cytochalasin treatment of only endodermal epithelial cells abolished the migration. (3) One to 4 endodermal epithelial cells and/or ectodermal epithelial cells were placed in contact with one another forming up to 4-cell aggregates. Endodermal epithelial cells exhibited high motility that can be attributed to the migratory movement described above. Finally, formation of actin bundles, as visualized with rhodamine-phalloidin, was always correlated with pseudopod formation in endodermal epithelial cells during early and mid stages of aggregate formation. q
Introduction
The freshwater polyp Hydra has a simple body plan consisting of two layers of ectodermal and endodermal epithelial cells (e.g. Campbell and Bode, 1983) . Hydra is best known for its strong regenerative capacity. Complete regeneration takes place either from a small tissue piece excised from the body column (reviewed in Bode and Bode, 1984) or from a cell aggregate produced from dissociated single cells (Noda, 1971; Gierer et al., 1972) . When dissociated cells are centrifuged into an aggregate, the first event to occur is sorting of cells to establish two cell layers (Gierer et al., 1972) . However, little is known about the mechanisms responsible for the formation of the epithelial sheets from the random cell mass.
The phenomenon of cell sorting in animals is the process that leads to the establishment of homogeneous tissues from initially disordered heterotypic cell aggregates. A number of explanations to account for cell sorting have been offered (reviewed in Armstrong, 1989) . The most widely accepted hypothesis to explain how cells rearrange themselves into a stable pattern from a random cell mass is the differential adhesion hypothesis (DAH) originally proposed by Steinberg (1970) . Steinberg and Takeichi (1994) tested the DAH in vitro by combining aggregates of L-cells expressing a high level of P-cadherin with L-cells expressing a low level of P-cadherin. The two aggregates fused to form an aggregate over the course of 3-4 days with cells containing a high level of P-cadherin sorted to the inside of the aggregate. Godt and Tepass (1998) ; Gonhzales-Reyes and St Johnston (1998) provided the first in vivo evidence of a sorting process depending on DAH. The Drosophila anterior-posterior axis becomes polarized by cadherin-mediated adhesion: the oocyte reaches the posterior of the germline cyst because it adheres more strongly to the posterior follicle cells than its neighbours. These reports concluded that the differential expression level of the cadherin is sufficient to direct the sorting behavior.
In Hydra, Technau and Holstein (1992) invoked DAH to account for aggregate formation in a suspension of dissociated single cells: endodermal cells formed larger cell clumps than ectodermal cells, suggesting higher adhesiveness in endodermal cells. Sato-Maeda et al. (1994) showed that, in Hydra, the adhesive strength between endodermal cell pairs (larger than 50 pN) is greater than between ectodermal cell pairs (30 pN) and hypothesized that different adhesive forces among single, isolated cells would contribute to the beginning of cell sorting. On the other hand, using single dissociated cells, we have previously reported that when a homotypic pair was formed, it tended to adhere more rapidly to a third homotypic cell than to a heterotypic cell (Takaku et al., 2000) . Hobmayer et al. (2001) showed that, by analyzing cell interactions in a quantitative adhesion assay using dissociated Hydra cells, aggregation proceeded in two steps: first, homotypic interactions occurred to form homotypic cell clusters and then ectodermal and endodermal clusters adhered to form heterotypic aggregates. These results suggest that there must be some mechanism, which facilitates homotypic adherence in early aggregate formation, and that sorting of endodermal and ectodermal epithelial cells in aggregates may require other mechanisms than just DAH.
One such mechanism may be cell motility. In adherent cell pairs of Hydra, endodermal epithelial cells moved and actively changed their cell shape, while ectodermal cell pairs showed little evidence of such motility and remained almost spherical even after adhesion is achieved (SatoMaeda et al., 1994) . Kishimoto et al. (1996) examined the movement of individual cells by spot vital staining, during spreading of ectodermal cells over endodermal cells in recombined ectodermal and endodermal cell aggregates. They hypothesized the following mechanisms to explain this behavior: (1) active locomotion of the ectodermal epithelial cells over the endoderm; (2) passive spreading of the ectodermal cells as a result of an increase in the contact surface area caused by active endodermal epithelial cell migration; (3) the active role can be shared equally by the two cell types. These reports suggest the possibility that motility of individual endodermal cells regulates spatial positioning of cells in aggregates.
In the present report, we have examined the behavior of ectodermal and endodermal epithelial cells when they encountered each other under various situations. (1) Aggregates of ectodermal cells and endodermal cells were placed in direct contact (aggregate-to-aggregate interaction).
(2) Single ectodermal epithelial cells were placed in contact with aggregates of endodermal cells and vice versa (cell-toaggregate interaction). (3) Single ectodermal and/or endodermal epithelial cells were adhered one by one up to 4-cell aggregates (cell-cell interaction). We also examined the effects of cytochalasin B, which inhibit pseudopod-dependent cell locomotion (Carter, 1967) , under these experimental conditions. The results suggest that active motility of endodermal epithelial cells responding to homotypic and/or heterotypic cellular interactions plays an important role in reorganizing ectodermal and endodermal tissue layers.
Results

Aggregate-to-aggregate interaction
Ectodermal and endodermal aggregates were placed in direct contact with each other with a pair of forceps (Figs. 1A,2). Within 10 min, the two aggregates established a firm adhesive contact followed by epibolic movements (Kishimoto et al., 1996) . The ectodermal cells spread over the surface of the endodermal aggregate and the endodermal cells migrated into the interior of the ectodermal aggregate. The resultant ectodermal and endodermal two-layered structure, surrounding a fluid-filled cavity, regenerated into a complete Hydra within 4 days ( Fig. 2A) . In the presence of cytochalasin B, however, epibolic movement was completely abolished, although initial firm attachment between the two aggregates was not blocked, eventually resulting in disintegration of the two aggregates (Fig. 2B) . Removal of the drug within 1-3 h, by washing in fresh DM solution, lead to resumption of epiboly and to complete regeneration (data not shown). Control aggregates in the presence of DMSO (1%) exhibited normal epiboly and regenerated normally (data not shown).
To further examine the involvement of cell motility during epiboly, the following experiments were carried out. First, endodermal aggregates pre-treated with cytochalasin B for 1 h were brought into contact with untreated ectodermal aggregates. In this case, the epibolic movement was considerably delayed compared with control experiments ( Fig. 2A versus  C) , but complete polyps regenerated over the course of 6-7 days. In the second experiment, ectodermal aggregates treated with cytochalasin B for 1 h were brought into contact with untreated endodermal aggregates. The epiboly occurred smoothly leading to complete regeneration within 4 days (Fig. 2D) . These results suggest that the motility of endodermal cells, but not that of the ectodermal cells is necessary for the epibolic movements of the aggregates.
Cell-to-aggregate interaction
As mentioned above, when ectodermal and endodermal aggregates fused, endodermal cells played a major role in epiboly. We have examined whether single endodermal cells exhibited a similar property when contacted with an ectodermal aggregate (Figs. 1B,3) . A dissociated single endodermal epithelial cell of approximately 15 mm in diameter was placed in contact with an aggregate of ectodermal cells (Fig. 3A, right panels) . The endodermal cell actively extended pseudopod-like structures and migrated approximately 50 mm into the ectodermal aggregate within 1 h (Fig. 3B) . The speed of migration changed significantly from 1.2C0.3 mm/min (meanCSEM) during the first 30 min to 0.5C0.2 mm/min (meanCSEM) during the next 30 min (P!0.001). After 60 min, the speed of migration was almost constant (approximately 0.4 mm/min) and remained so for another 60 min. By contrast, when a single ectodermal epithelial cell, approximately 10 mm in diameter was placed in contact with an endodermal cell aggregate, it barely formed pseudopod-like structures and hence hardly migrated into the aggregate (Fig. 3A (left panels),B). Thus, individual endodermal epithelial cells have a much higher migratory capacity than do individual ectodermal epithelial cells.
The effect of cytochalasin B on the migratory movement of epithelial cells was examined. The movement of an isolated endodermal epithelial cell settling onto an agarcoated glass slide is shown in Fig. 4A . The cell moved, actively changing its overall shape, sending out pseudopodlike structures. However, the movement was completely abolished by cytochalasin B (Fig. 4B ). When the endodermal cells were fixed and stained with rhodamine phalloidin, actin filaments were detected in pseudopods (Fig. 5a ,b). Cytochalasin B treatment abolished pseudopods and rhodamine phalloidin staining in the cell (Fig. 5c,d ). In contrast, ectodermal epithelial cells hardly formed pseudopods and exhibited no appreciable rhodamine phalloidin staining (Figs. 4C,5e,f). In the presence of cytochalasin B, no apparent changes were seen in ectodermal epithelial cells (Fig. 5g,h ).
We also analyzed the effect of cytochalasin B on the migration of an endodermal cell into an ectodermal aggregate (data not shown). As mentioned above the active movement of single endodermal epithelial cells began within 10 min of contact (Fig. 3A) . However, in the presence of cytochalasin B, the single cell did not move and remained attached to the surface of the aggregate. Endodermal epithelial cells pre-treated with cytochalasin B also failed to move into ectodermal aggregates. This situation persisted for about 1 h but later on endodermal cell motility resumed and the cell entered the aggregate. Pre-treatment of ectodermal aggregates with cytochalasin B had no effect on the migration of endodermal cells into the aggregate (data not shown).
Cell-cell interaction
Dissociated single ectodermal and/or endodermal epithelial cells were lined up one by one in a linear chain with a micromanipulator (Figs. 1C,6 ). Fig. 6A shows micrographs of adhering endodermal and/or ectodermal epithelial cells. Four endodermal epithelial cells in a single line showed high motility, changing their relative positions and forming a soap bubble-like aggregate (Fig. 6A (left panels) ). By comparison, ectodermal epithelial cells were more static, hardly changing cell shape or position and maintaining the original chain shape. However, over longer periods of time, about 60% of these cell chains rounded up (Fig. 6A (right  panels) ,B). The average time required for this configurational change was much shorter for endodermal cell chains (1 min 51 sC13 s; meanCSEM) than for ectodermal cell chains (43 min 57 sC2 min 18 s; meanCSEM) (Fig. 6B) . In heterotypic 4-cell chains consisting of alternating ectodermal and endodermal cells, the time to round up (10 min 20 sC1 min 2 s; meanCSEM) was shorter than that of homotypic ectodermal aggregates but longer than homotypic endodermal aggregates (Fig. 6A (middle  panels),B) .
Once the rounded up structure had been achieved, homotypic 4-cell aggregates, both ectodermal and endodermal, became more stationary: the motility of individual epithelial cells was reduced (Fig. 6A (right and left  panels) ). In the heterotypic 4-cell aggregates, however, endodermal epithelial cells continued to exhibit high motility rolling around ectodermal epithelial cell pairs (Fig. 6A (middle panels) ). Interestingly, during this activity, endodermal epithelial cells repeatedly adhered and detached even after homotypic (endodermal-endodermal) contacts were formed. By comparison, adhering ectodermal cell pairs were stationary in the heterotypic aggregates. We increased the number of cells per aggregate to 6, 8 and 10, in the same proportion (e.g. 5 ectodermal and 5 endodermal epithelial cells), but obtained essentially the same pattern in all the cases (data not shown). Namely, after rounding up, cells became stationary in homotypic aggregates. In heterotypic aggregates, ectodermal cells adhered to each other but endodermal cells continued to move over the ectodermal cells. As the ratio of endodermal to ectodermal cells and the total number of cells varied, the final outcome became different. For example, when one endodermal cell was added to 9 ectodermal cells, the endodermal cell remained outside the cluster of 9 ectodermal cells. When the number of ectodermal cells increased to 20, 1-2 endodermal cells moved into the center of the ectodermal aggregate (data not shown). Cytochalasin B inhibited the rounding up behavior in all types of aggregates but had no effect on the initial cellattachment (data not shown; see Section 3).
Histology of reorganizing ectodermal and endodermal tissue layers
Once the sorting of ectodermal and endodermal cells had occurred, both cell types reorganized into epithelial cell layers with ectoderm outside and endoderm inside. Upper panels in Fig. 7 show sections of aggregates prepared at varying times after contact between ectodermal and endodermal aggregates. At 12 h, a mass of endodermal cells was completely surrounded by a layer of ectodermal cells (Fig. 7c) . A careful observation under microscope indicated that the cell layer was 5-12 cells thick. By 24 h, the thickness of the ectoderm decreased (Fig. 7e) . It was about 1-5 cells thick and a large number of cells were ejected from or fell off the surface of the aggregate (data not shown). In the endoderm irregular cavities were observed (Fig. 7e, *) . By 48 h a large cavity was formed in the center of the aggregate and a double-layered, one cell thick epithelial structure was re-established (Fig. 7i) . Both ectodermal and endodermal cells elongated apico-basally forming thick cell layers (Fig. 7i,k) . The same sections were stained with rhodamine phalloidin to visualize actin filaments ( Fig. 7 lower panels) . In early stages, actin filaments were dispersed throughout the endodermal aggregates (Fig. 7b, END) . In contrast, actin filaments were assembled in high density especially in the outer surface of the ectodermal aggregates (Fig. 7b, ECT) . By 24 h some of the endodermal cells formed a single layer in contact with the ectoderm (Fig. 7f, arrows) and actin filaments were assembled along the line of contact. Later, the dense actin assemblies were observed between ectodermal and endodermal layers (Fig. 7j,l) . By 48 h the tissue started to exhibit contractile movements. At 84 h, mesoglea clearly separated ectodermal and endodermal assemblies of actin filaments (Fig. 7l, inset) . When aggregates were treated with cytochalasin B from 12 to 24 h, no cavity was formed in a mass of endodermal cells at 24 h (Figs. 7g,h,8F ) and the ectodermal cell layer remained thick (approximately 5-10 cell layers). When cytochalasin was given from 24 to 48 h, no cell layer formation was observed at 48 h (Fig. 8G) . Cytochalasin treatment at earlier stages of aggregate reorganization simply blocked further development. Based on the sequence of cell layer formation, cytochalasin B was added at 0, 12, 24, 48 and 84 h during reorganization and regeneration of the ectodermal and endodermal aggregates. As summarized in Fig. 8 treatment up to 48 h completely inhibited regeneration. For example, when cytochalasin B was added at time 0, epiboly did not take place (Figs. 2B,  8A) . When added at 12 h (Fig. 8B) , epiboly was completed but two cell layers were not formed. The aggregates maintained their initial state for some time but later on disintegrated without further development (see Fig. 2B ). When cytochalasin treatment began at 48 h or later, the rate of survival and regeneration increased (Fig. 8D,E) .
Discussion
When two different types of cells are mixed, sorting out takes place. Steinberg and his coworkers have elegantly demonstrated that differential cell adhesion is responsible for the phenomena (Steinberg, 1970; Steinberg and Takeichi, 1994) . In the present study we have examined motility of epithelial cells under various conditions including doublelayer formation in aggregates of Hydra. All our data consistently indicate that the endodermal epithelial cells actively migrate to a much greater extent than do the ectodermal epithelial cells and that this migration plays a central role in sorting out the cells of the two epithelial layers. Differential cell adhesion plays a minor role in this process.
Motility of endodermal epithelial cells play a major role in epiboly
When aggregates of ectodermal tissue and endodermal tissue were brought into contact, the ectoderm spread over the endoderm covering it up entirely (epiboly) leading to the formation of the ectodermal and endodermal cell layers. Thereafter, a complete Hydra regenerated from this structure (Kishimoto et al., 1996; Murate et al., 1997 ; Fig. 2A ). The epiboly was completely blocked by cytochalasin B treatment (Fig. 2B) suggesting that actinbased cell motility is involved in the process. Furthermore, pretreatment of endodermal aggregates with cytochalasin delayed the epiboly (Fig. 2C) , whereas that of ectodermal aggregates exhibited no effect (Fig. 2d) . The observation suggests that the motility of endodermal cells plays a major role in epiboly supporting the previous report by Kishimoto et al. (1996) . In order to examine the movement of individual cells during epibolic process these authors traced vitally stained cells located in a restricted area of an aggregate and found that individual endodermal cells migrated to become intercalated between endodermal cells at the contact site with ectodermal cells. Recently, cytochalasin B was shown to inhibit cell-cell adhesion in epidermal keratinocytes (Kee and Steinert, 2001) . Also in mouse fibroblasts, cell adhesion did not occur when cells were treated with cytochalasin D (Angres et al., 1996) . These results suggest that the drugs potentially affect cell adhesion by compromising the linkage of transmembrane adhesion molecules to the cytoskeleton. However, in Hydra, cytochalasin B had no effect on the time required for successful attachment of dissociated single ectodermal and/or endodermal epithelial cells brought together with a micromanipulator (data not shown). It had no effect on the attachment of a single epithelial cell to endodemal or ectodermal cell aggregates (data not shown). In addition, ectodermal and endodermal aggregates retained an adhesive contact in the presence of the drug (Fig. 2B ). These observations suggest that at least in Hydra cytochalasin B does not affect cell adhesion. Furthermore, migration of a single endodermal epithelial cell deep into an ectodermal cell aggregate by actively forming pseudopod-like structures cannot be explained by differential cell adhesiveness (Fig. 3) . Thus, we concluded that the motility of endodermal epithelial cells was a major force in epiboly.
Differential cell adhesion alone is insufficient to explain the sorting out of cells
According to the differential adhesion hypothesis (DAH; Steinberg, 1970) , the strength of the adhesive forces between different cell types determines their sorting behavior. The Drosophila anterior-posterior axis becomes polarized by the differential expression level of the cadherin (Godt and Tepass, 1998; Gonzales-Reyes and St Johnston, 1998) , being consistent with the DAH. Recently, however, Lee and Goldstein (2003) showed that differential adhesion alone cannot be a sufficient mechanism in C. elegans gastrulation. Endoderm precursors Ea and Ep cells in a linear shape exhibit gastrulation movements towards the center of the embryo without being surrounded by neighboring cells. It has been shown in Hydra that an adhesive force between endodermal epithelial cells is stronger than that between ectodermal epithelial cells (Technau and Holstein, 1992; Sato-Maeda et al., 1994) . If the differential cell adhesiveness is sufficient for sorting as shown by Steinberg and Takeichi (1994) , one would expect sorting in cytochalasin treated aggregates. However, although cytochalasin allowed firm attachment of endodermal and ectodermal aggregates, no sorting was observed (Fig. 2B) . Furthermore, an additional line of evidence that is not consistent with differential cell adhesiveness in sorting was obtained. First, as already mentioned above, a single endodermal cell actively crawled deep into an ectodermal cell aggregate (Fig. 3) . Second, when two endodermal cells and two ectodermal cells were alternatively aligned, endodermal cells detached and kept moving around firmly attached ectodermal cells even after the soap bubblelike structure was attained (Fig.6) . If an adhesive force between endodermal cells were stronger than that between ectodermal cells (Technau and Holstein, 1992; Sato-Maeda et al., 1994) , the firm adhesion between endodermal cells would also be expected to occur and never to detach. The above observations all point to that differential adhesion plays a minor role in epiboly, but that cell motility is a major player.
Possible causes for endodermal epithelial cell motility
The endodermal epithelial cells migrate to a much greater extent than do the ectodermal epithelial cells in sorting out the cells of the two epithelial layers (Fig. 3) . What signal controls migration of endodermal cells into the ectodermal aggregate is not known. As was mentioned above, Kishimoto et al. (1996) suggested that during epiboly endodermal cells migrate toward the contact site between ectoderm and endoderm and are intercalated between endodermal cells, thus enlarging the contact area. Some signal derived from ectodermal and/or endodermal cells at the contact site may attract nearby endodermal cells. The present observation that an isolated endodermal cell migrated 3-5 cells deep toward the center of the ectodermal aggregate within 1 h (Fig. 3) suggests that some kind of chemoatractant may be emitted from ectodermal cells being highest in concentration in the center of the ectodermal Fig. 8 . The effects of cytochalasin B added at different times during regeneration of the ectodermal and endodermal aggregates. Cytochalasin B (3 mM) was present during a period shown in horizontal bars. The last column indicates the numbers of successful regeneration among the total number of samples examined at 120 h. All samples of F and G (5 each) were fixed for histology at the end of cytochalasin treatment (see Fig. 7g,h ) and therefore the outcome of regeneration could not be determined (ND).
aggregate. Another possible explanation is that endodermal cells do not like being exposed to the medium. In Hydra they are not exposed to the external medium. The ionic concentration of the fluid in the gut is most likely higher than that in the surrounding medium. That would also drive endodermal epithelial cells away from the surface.
Differential roles of actin in early and late stages of aggregate regeneration
According to actin staining and the sensitivity to cytochalasin, three stages of aggregate regeneration were distinguished. (1) At early stage of aggregate regeneration (0-12 h), a high concentration of actin filaments was detected throughout the endodermal aggregate (Fig. 7b) . Since they are involved in movement (Figs. 3,4,6 ), they are presumably responsible for epiboly. (2) At mid-stage (12-48 h) of regeneration, actin filaments began to be localized at the basal side of endodermal and ectodermal epithelial cells. This stage was sensitive to cytochalasin as a pulse treatment with the drug between 12 and 48 h inhibited the formation of actin bundles completely thus the step of epiboly (Figs. 7h,8F,G) . (3) The last stage corresponds to the period from 48 h to the completion of regeneration. Upon completion of regeneration, actin filaments were incorporated into smooth muscle fibers at the base of epithelial cells, and mesoglea was clearly seen between ectodermal and endodermal cells (Fig. 7l) . At this stage, the assemblies of actin filaments are probably responsible for stabilizing the ectodermal and endodermal two cell-layers and no longer sensitive to cytochalasin (Fig. 8D,E) .
Possible role of endodermal epithelial cell motility in vivo
The obvious question concerning the observations made in the present in vitro study is whether they bear any significance in vivo phenomena. The direct contact between ectodermal and endodermal epithelial cells is known to occur during regeneration (Shimizu et al., 2002) . When the head or foot is removed from the Hydra body, the basement membrane, mesoglea, to which the ectodermal and endodermal epithelial cells attach retracts and the two cell layers directly contact to each other. Furthermore, the endodermal epithelial cells pile up into multiple cell layers to seal the injury and then ectodermal epithelial cells start to cover the endoderm just like epiboly. The morphological sequence in the process is studied histologically (Mookerjee and Bhattacherjee, 1966; Lui and Znidaríc, 1968; Znidaríc, 1970) , but no description on the movement of epithelial cells. Using the similar approach, we are planning to examine the dynamic changes that epithelial cells undergo during regeneration.
Another implication of epiboly and two-cell layerformation would be gastrulation of Hydra embryos. After a single layered blastula is formed, gastrulation takes place by delamination and blastcoel is filled with those delaminated cells decreasing a total volume of embryo (Martin et al., 1997) . At this stage, the embryo is outwardly similar to the fused tissue where epiboly is completed (Murate et al., 1997; Fig. 7c,d) . Although two germ layers are produced much later in the embryo, cells that did not participate in two-cell layer-formation in the embryo, are disintegrated, very much like those in the fused aggregates during two-cell layer-formation (Fig. 7e,f) . Thus, the phenomenon observed in this study seems to be a reflection of the early embryogenesis in Hydra. It might be interesting also to examine the embryogeneis through the present approach.
Experimental procedures
Strain and culture
Hydra vulgaris (strain Basel) was used for all experiments. Animals were cultured in the Hydra culture solution (Sugiyama and Fujisawa, 1977) at a constant temperature of 18G1 8C. They were fed on newly hatched brine shrimp nauplii six times per week. Experimental animals were starved for 24 h prior to use.
Separation of ectodermal and endodermal tissue layers
The procaine treatment (Bode et al., 1987) was performed to separate the ectodermal and endodermal tissue from each other. Three solutions were prepared: 1% solution of procaine-HCl (Wako Pure Chemicals, Tokyo) in distilled water, hyper-osmotic (70 mosM) salt solution for tissue dissociation and cell reaggregation (DM solution; Flick and Bode, 1983) , and Hydra culture solution described above. Equal volumes of the three solutions were mixed and adjusted to pH. 4.5 (A solution) or pH. 2.5 (B solution) immediately before use. For tissue separation, the upper body columns were obtained by amputating polyps below the tentacle ring and above the budding region. To prepare ectodermal tissue, 50 amputated body columns were treated in A solution for 5 min, followed by treatment in B solution for 1.5 min, both at 4 8C. The treated tissue was gently transferred to DM solution kept at 18 8C. Within several minutes, the ectoderm contracted into a ring-shaped tissue, which was separated from the rod-shaped endoderm by teasing the two tissues apart with the tips of two pairs of fine-tipped forceps. Another 50 body columns were treated in the same way, except that the treatment in B solution lasted for 6 min. The two layers were separated to obtain rod-shaped endodermal tissues by directing a flow of DM solution from a Pasteur pipette.
Cellular dissociation and reaggregation
Separated ectodermal and endodermal tissues were respectively minced into small fragments by a razor blade in DM solution kept at 4 8C. The tissue was then dissociated into single cells by repeated pipetting. Cells were doublefiltered through fine meshes (53 mm following 37 mm pore size) to remove large undissociated cell clusters (Takaku et al., 2000) . Differences in the color and number of intracellular vacuoles make it easy to distinguish dissociated ectodermal epithelial cells from endodermal epithelial cells; the latter contain a large number of food vacuoles in cytoplasm which harbor orange (carotenoid) pigments derived from prey brine shrimp. Dissociated single cells obtained in this way were used for aggregate formation.
To prepare ectodermal or endodermal aggregates, dissociated single cells were centrifuged at 600 rpm for 5 min at 18 8C. The resultant cell pellet was gently transferred to a dish containing fresh DM solution, and cut into equal-sized pieces, which subsequently rounded up into sphere aggregates, approximately 1 mm in diameter. The aggregates formed in DM solution (70 mosM medium) for 12 h were transferred in stepwise to 35 mosM medium (2-fold dilution with Hydra culture solution) for 6-12 h, to 17 mosM medium for 8-16 h and finally to Hydra culture solution (5 mosM).
Examination of the behaviors of the adhering epithelial cells
For examining aggregate-to-aggregate interaction, ectodermal and endodermal aggregates of the same size were fused with each other in DM solution ( Fig. 1Aa and b) . In some experiments, 3 mM of cytochalasin B (ICN Pharmaceuticals Inc.) dissolved in 1% dimethyl sulfoxide (DMSO; see Carter, 1967 ) was added to DM. For controls, aggregates were kept in cytochalasin B-free solution with and without DMSO.
For examining cell-to-aggregate interaction, a dissociated single epithelial cell was first immobilized by gentle suction with a glass micropipette. The immobilized cell was then transported to another sample chamber using the concentric double pipette method (Takaku et al., 1999) , which maintains the cells in an aqueous environment (i.e. avoiding exposure of cells to air) and held in contact with an aggregate mechanically ( Fig. 1Ba and b) .
For cell-cell interaction, the immobilized single cell with a glass micropipette was transported to the vicinity of another single cell and held in contact mechanically ( Fig. 1Ca and b; cf. Takaku et al., 2000) . In a similar fashion, ectodermal or endodermal epithelial cells were adhered one by one so that a linear chain of cells was formed (Fig. 1Cc) . The 4-cell aggregate was released from a glass micropipette by the positive air pressure of an injector, and settled on the bottom of the sample chamber that was coated with agar (Fig. 1Cd) .
The dynamic behaviors of these cells and/or tissues were examined under a light microscope (Nikon OPTIPHOT). The observation was recorded with a Hi-band 8-mm formatted video recorder (SONY, EVO-9500A) through a CCD TV camera, which accepted visible and infrared light (Hitachi, . The entire procedure was carried out at 18 8C.
Histology of ectodermal and endodermal layers in re-organizing aggregates
The reorganizing aggregates were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 12 h, and followed by three washes of 10 min each in 0.1 M phosphate buffer (pH 7.4) containing 4% sucrose. Reorganizing aggregates after 48 h were relaxed in 2% urethane for 2 min before fixation. The samples were subjected to cryostat sectioning using Leica CM3000.
To identify actin filaments in the reorganizing aggregates, rhodamine phalloidin staining was done on the cryostat section. Rhodamine phalloidin (Molecular Probe) was dissolved at the concentration of 300 U/ml with methanol, and was stored at K20 8C as a stock. The sections were stained with rhodamine phalloidin (100-fold dilution of the stock with 0.1 M phosphate buffer) for 3 min at room temperature, washed three times with 0.1 M phosphate buffer, and observed under a fluorescent microscope (Nikon MICROPHOT-FX) with the G filter for rhodamine (EX 546; DM 580; BA 590).
Statistical analysis
Statistical analysis was done with the ANOVA test, significance level set at P!0.01.
